A b s t r a c t EXAFS a t g r a z i n g incidence w i t h fluorescence d e t e c t i o n has been used t o i n v e s t i g a t e t h e l o c a l atomic s t r u c t u r e around uranium a t t h e s u r f a c e of b o r o s i l i c a t e g l a s s e s .
S t r u c t u r a l changes have been observed a s a r e s u l t of l e a c h i n g i n water a t 1 0 0~~. These i n d i c a t e t h a t uranium migrates go t h e s u r f a c e t o form i s l a n d s t r u c t u r e s i n a s u r f a c e l a y e r which, subsequently, p e e l s o f f t o r e v e a l f r e s h s u r f a c e f o r f u r t h e r corrosion.
Glass s u r f a c e corrosion induced by water i s a s u b j e c t of i n c r e a s i n g s c i e n t i f i c and t e c h n o l o g i c a l i n t e r e s t , p a r t i c u l a r l y i n view o f concern about an a c c i d e n t a l r e l e a s e of r a d i o a c t i v e products from v i t r i f i e d n u c l e a r waste / I / . Fluorescence EXAFS a t g r a z i n g incidence is proving t o be a p a r t i c u l a r l y u s e f u l t o o l f o r t h e s u r f a c e i nv e s t i g a t i o n o f changes i n t h e atomic neighbourhood o f a r a d i o a c t i v e waste metal, e s p e c i a l l y a s t h e wet s t a t e can be maintained during measurements.
A d e s c r i p t i o n and some t h e o r e t i c a l background o f t h i s technique can be found i n t h e l i t e r a t u r e /2,3/.
The samples (U-glasses) were b o r o s i l i c a t e g l a s s e s (53.7 SiOZ, 16.7 B2O3, 21 Na20, 5.6 ~1~0 3 , i n weight p e r c e n t a g e ) , with 3% U02. As r e f e r e n c e samples, U metal, an uranyl compound and U02 were used. The g l a s s was prepared a t Stazione Sperimentale d e l Vetro, Murano, I t a l y , by melting o f t h e mixture i n a i r w i t h i n a platinum cruc i b l e . T h i s procedure ensures an o x i d i z i n g environment.
The uranium concentration i n t h e g l a s s was scanned by an e l e c t r o n microprobe and no evidence was d e t e c t e d f o r any inhomogeneities. Glass s l a b s were o p t i c a l l y p o l i s h e d t o b e t t e r t h a n h/10 b u t , a f t e r leaching, a porous m i c r o s t r u c t u r e was observable i n t h e s u r f a c e , probably t h e r e s u l t o f t h e formation of a hydrated g e l l a y e r . Leaching was performed dynamically under a flow o f b o i l i n g water a t 1 0 0~~ i n a Soxholet appar a t u s . X-ray measurements were made immediately a f t e r leaching, t h u s t h e samples were s t i l l i n t h e "wet" s t a t e . An i n c r e a s e of t h e p H value of t h e l e a c h a n t was measured a f t e r l e a c h i n g , i n d i c a t i n g t h e d i s s o l u t i o n o f a l k a l i n e products from t h e g l a s s s u r f a c e , X-ray measurements were made on t h e wiggler EXAFS s t a t i o n 9.2 of The Synchrotron Radiation Source a t t h e Daresbury Laboratory. Typical fluorescence i n t e n s i t i e s a t g r a z i n g incidence a t t h e 1,111 edge o f uranium a r e r e p o r t e d i n F i g . l .
Measurements were made a t an angle incidence of h a l f t h e c r i t i c a l angle f o r t o t a l e x t e r n a l r e f l e c t i o n a t t h e s u r f a c e o f a b o r o s i l i c a t e g l a s s . With t h i s geometry, t h e Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:19868170
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JOURNAL DE PHYSIQUE p e n e t r a t i o n depth probed by t h e i n c i d e n t beam i s expected t o be about 50 i n t h e unleached g l a s s . A s may be seen more c l e a r l y from t h e i n s e r t , t h e r e i s an i n c r e a s e i n t h e fluorescence i n t e n s i t y with leaching time, p o i n t i n g t o an i n c r e a s e i n t h e uranium concentration a t t h e s u r f a c e . Detailed t o t a l r e f l e c t i o n measurements g i v e some evidence f o r t h e g e n e r a t i o n o f a s u r f a c e l a y e r whose c r i t i c a l angle f o r t o t a l e x t e r n a l r e f l e c t i o n i s l e s s than t h a t of t h e bulk g l a s s , i . e . t h e l a y e r h a s a lower e l e c t r o n d e n s i t y . Fig. 1 . Near edge fluorescenc e a t grazing incidence a t t h e ULIII edge. I n t h e i n s e r t , A 1 i s t h e s t e p h e i g h t and I is t h e i n t e n s i t y of pre-edge s c a t t e r i n g .
From t h e r e s u l t s shown i n Fig. 1 , t h e r e i s c l e a r evidence f o r s a t u r a t i o n i n t h e i n c r e a s e o f U fluorescence i n t e n s i t y a f t e r 100 ' . Accordingly, s h o r t l e a c h i n g times o f 1 5 ' , 30' and 90' were chosen f o r EXAFS measurements. Fluorescence EXAFS s p e c t r a were recorded f o r leached and unleached samples a t o n e h a l f o f t h e c r i t i c a l angle f o r t o t a l e x t e r n a l r e f l e c t i o n . Reference compounds were measured from powders using t h e t r a n s m i s s i o n geometry. Least squares f i t s t o k3 weighted d a t a were obtained using t h e curved wave program EXCURVE a v a i l a b l e a t Daresbury Laboratory /4/. I n o r d e r t o a c c u r a t e l y determine phase s h i f t s and b a c k -s c a t t e r i n g amplitudes f o r U-0 and U-U p a i r s s p e c t r a , t h e r e f e r e n c e compounds mentioned e a r l i e r were a c c u r a t e l y f i t t e d t o t h e i r c r y s t a l l o g r a p h i c r a d i a l d i s t r i b u t i o n functions. Fig. 2 shows t h e comparison between experiment and theory f o r uranyl-fluoride-fluorammonium. A s i n o t h e r uranyl compounds, t h e n e a r e s t neighbour o c t a h e d r a l ,oxygen s h e l l i s s p l i t i n t o two s u b s h e l l s (2:4). The s t r u c t u r a l parameters a r e summarized i n t h e i n s e r t . No U-U c o r r e l a t i o n s a r e d e t e c t a b l e f o r t h i s molecular s t r u c t u r e . U02, on t h e o t h e r hand, h a s t h e f l u o r i t e s t r u c t u r e with 8 n e a r e s t neighbour oxygens and 12 n e a r e s t neighbour uran i u m~. Both s h e l l s a r e r e a d i l y resolved i n EXAFS a s we have found f o r o t h e r f l u o r i t e oxides /5/. The U-0 d i s t a n c e and Debye-Waller f a c t o r s were 2.41 8 and 0.003 (5) g2. ammonium), using modified phase s h i f t s from EXCURVE. Data were f i l t e r e d t o i n c l u d e t h e f i r s t two oxygen s h e l l s .
complex EXAFS spectrum o f m e t a l l i c uranium was a l s o s u c c e s s f u l l y f i t o u t t o 4 2. In a l l c a s e s , phase s h i f t s and b a c k -s c a t t e r i n g amplitudes y i e l d e d i n t e r a t o m i c d i s t a n c e s c o r r e c t t o 1% o r b e t t e r , c o r r e c t c o o r d i n a t i o n numbers and r e a l i s t i c
Debye-Waller f a c t o r s . These parameters were used t o f i t t h e FLEXAFS s p e c t r a obtained from t h e g l a s s s u r f a c e s . I n o r d e r t o avoid p o s s i b l e a r t i f a c t s from K i e s s i g f r i n g e s t h a t might be a s s o c i a t e d with t h e generation of a s u r f a c e g e l l a y e r , t h e k-range was l i m i t e d t o 3 -14 8-l.
Analysis o f a l l t h e g l a s s s p e c t r a revealed r a d i a l d i s t r i b u t i o n f u n c t i o n s with t h r e e major f e a t u r e s : one due t o U-0 c o r r e l a t i o n s and t h e o t h e r two t o U-U c o r r e l a t i o n s . These can be seen i n Fig. 3 where r e s u l t s of two d i f f e r e n t l e a c h i n g p e r i o d s a r e shown. I n p a r t i c u l a r , t h e f i r s t f e a t u r e (U-0 d i s t a n c e , where t h e resemblanc e can be c l e a r l y seen. Indeed, t h e chemical s h i f t f o r t h e ULIII edge f o r t h e g l a s s s p e c t r a i s c l o s e t o t h a t f o r t h e uranyl reference a s o t h e r authors have found /6/. I t is obvious from Fig. 3 , however, t h a t t h e r a d i a l d i s t r i b u t i o n f u n c t i o n s f o r t h e g l a s s s u r f a c e a r e more complicated than e i t h e r o f t h e oxide reference compounds. I n o r d e r t o analyse this, we used t h e procedure of s u b s h e l l a n a l y s i s , c o n s t r u c t i n g t h e oxygen coordination sphere from s e v e r a l s u b s h e l l s with the same i n t e g r a t e d coordin a t i o n number. This i s p a r t i c u l a r l y a p p r o p r i a t e f o r s t u d y i n g t h e d i s t o r t e d metal environments i n many g l a s s y and c r y s t a l l i n e oxides /7/. From Fig. 3 it can be seen t h a t compared t o t h e uranyl reference, t h e second s u b s h e l l around 2.3 2 is broadened i n t h e g l a s s s p e c t r a and i s a l s o skewed -t a i l i n g o f f t o longer d i s t a n c e s . Where U-U c o r r e l a t i o n s a r e n o t seen i n t h e uranyl reference compound, they a r e seen i n t h e g l a s s s p e c t r a and, indeed, can be modelled t o a p l a n a r square l a t t i c e /8/ a s proposed e a r l i e r by Knapp e t a l . /6/. Fig. 3 . k3 weighted EXAFS experimental ( s o l i d l i n e ) and f i t t e d (dashed l i n e ) s p e c t r a from leached U-glasses and t h e i r corresponding a i r -d i s t r i b u t i o n functions. Exper i m e n t a l d a t a a r e F o u r i e r f i l t e r e d from 1 t o 5 ! . Leaching times i n minutes a r e marked i n t h e f i g u r e . Dotted curves on t h e r i g h t correspond t o t h e p a i r d i s t r i b ut i o n function f o r t h e uranyl reference compound from Fig. 2 .
